Abstract. The present study aimed to examine changes in the expression of angiogenic growth factors in vascular endothelial cells isolated from colon cancer after bevacizumab treatment in vitro, and to explore a potential mechanism of their selfregulation as a possible mechanism for antiangiogenic therapy failure in clinics. Vascular endothelial cells were isolated from tumors of colon cancer patients and transfected with recombinant adeno-associated virus type 2-vascular endothelial growth factor (VEGF) or pGIPZ-VEGF RNA interference in order to upregulate or downregulate VEGF expression. Changes in VEGF expression and its correlation with the expression of angiogenesis-related factors, including basic fibroblast growth factor (bFGF) and angiopoietin 1 (ANG1), after treatment with bevacizumab in vitro, were investigated. The results showed that in cells with VEGF overexpression, bFGF and ANG1 were downregulated, whereas in cells in which VEGF was knocked down, upregulation of bFGF and ANG1 was detected. In cells treated with bevacizumab, a significant upregulation of VEGF and downregulation of bFGF and ANG1 were observed. Our data indicate that after bevacizumab treatment, a potential self-regulating mechanism of angiogenic growth factors in colon cancer-derived endothelial cells is activated, which may explain why current antiangiogenic therapy with bevacizumab has limited effects in prolonging the survival of colon cancer patients.
Introduction
Colon cancer is a common abdominal tumor. Despite advances in the understanding of its molecular ethiopathology, diagnosis and treatment, colon cancer still remains one of the leading causes of cancer-related death, particularly when diagnosed in its later stages (1) . Angiogenesis, the formation of new vessels, has been postulated as one of the hallmarks of cancer. It is important both in early stages of tumor growth and in its metastatic spread (2) . This renders it an attractive target for antitumor therapy. Indeed, the first successful antiangiogenic drug, bevacizumab, a monoclonal antibody against vascular endothelial growth factor (VEGF), has been used in the treatment of advanced colon cancer for more than a decade (3) . Despite initially promising results and wider therapeutic indications for its use, including with several other types of cancer, recent studies indicate that bevacizumab therapy has had limited results in increasing the survival of colon cancer patients (4) (5) (6) .
Angiogenesis is a complex process, in which many growth factors, such as VEGF (7) (8) (9) (10) , angiopoietin 1 (ANG1), basic fibroblast growth factor (bFGF), among many others, are involved. These factors are in a continuous dynamic balance in order to successfully maintain the homeostasis of an organism. VEGF is a key mediator of angiogenesis (8, 11) , and bevacizumab inhibits its physiological function by binding to it, and thus preventing its interaction with its receptor and further activation of signaling pathways (11) . Why then does colon cancer therapy with bevacizumab fail in the long run? One possible explanation is that the tumor activates collateral signaling pathways in order to overcome angiogenesis inhibition caused by bevacizumab.
Systems biology offers new ways to study neovascularization. It is known that stable system processes have some common features, such as for instance self-regulating mechanisms that govern system formation and stability (12) (13) (14) . Indeed, growth factors involved in angiogenesis form complex self-regulatory networks maintaining the dynamic stability of the system (15, 16) . Therefore, we decided to examine whether there is a self-regulating mechanism in colon cancer vessels that abolishes the effects of angiogenesis inhibition with bezvacizumab in the long run. Whether it exists, in the case of VEGF inhibition, the self-regulating mechanism would activate other factors to completely or at least in part compensate for its function, and maintain balanced angiogenesis. In this case, the use of only bevacizumab would not be enough to inhibit the angiogenesis in colon cancer. Exploring these questions would possibly clarify why bevacizumab therapy has had modest results for colon cancer.
Based on this hypothesis in the present study, we decided to examine these potential self-regulating mechanisms in bevacizumab-mediated VEGF inhibition in tumor endothelial cells (TECs) isolated from colon tumors in vitro.
Materials and methods
Tumor endothelial cell culture. Twelve colon cancer patients from the Central hospital of Ezhou City (hubei, China), were included in the present study, and cultures of 12 groups of TECs were established from their tumors. We received informed consent from the 12 patients in regards to the present study, and all of the patients signed consent forms. Samples were managed in accordance with the Declaration of helsinki Guidelines for Research Involving human Tissue. Before performing any experiments, the established endothelial cells were comfirmed using angiogenesis-antibody array and intracellular signaling array. The protocol was approved by our institutional review board. The donors were colon cancer patients with an average age of 56.3 years. In brief, tumor tissue was harvested and homogenized by two gentle up-and-down strokes in a 15-ml homogenizer (Dounce; Bellco Glass Co., Vineland, NJ, USA). The homogenate was filtered through an 88-µm sieve. The remaining retentate was digested in 0.066% collagenase for 45 min at 37˚C. The homogenate was centrifuged (1,000 x g for 10 min), and the pellet was resuspended in endothelial-basal growth medium-free of human serum (Invitrogen-Gibco, Grand Island, NY, uSA), supplemented with 20% fetal bovine serum, 50 u/ml endothelial cell growth factor (Sigma-Aldrich, St. Louis, MO, uSA), and 1% insulintransferrin-selenium (A&j, Inc., Guangzhou, China).
There were a total of 5 experimental groups in the present study: (group 1) control group (no transfection); (group 2) VEGF transfection (VEGF upregulation); (group 3) VEGF RNA interference (RNAi) (VEGF inhibition); and (group 4) Avastin treatment (10 µg/ml; Genentech, Inc., South San Francisco, CA, uSA).
Construction and packaging of rAAV2-VEGF. The coding sequence of the VEGF gene was obtained from the human cDNA Bank/Domain and synthesized using Golden Taq (Tiangen Biotech, Beijing, China). After plasmid DNA digestion and ligation with the VEGF insert, pSNAV-VEGF plasmids were formed. The transfection of BhK-21 cells with pSNAV-VEGF was performed in a 6-well plate using a Lipofectamine 2000 kit (Invitrogen, Inc., Carlsbad, CA, uSA). These cells are hereafter referred to as BhK/VEGF cells. Next, BhK/VEGF cells were cultured in a flask (110x480 mm; Wheaton, Inc., Millville, Nj, uSA), until the cell number reached 8x10 8 , and were then infected with hSV1-rc/ΔuL 2 (Moore=0.1; Benyuan Zhengyang, Inc., Beijing, China) to induce recombinant adeno-associated virus type 2 (rAAV2)-VEGF. After 48 h, cells were detached and divided into Fernbach culture flasks (250 ml) for further purification. Purified rAAV2-VEGF was identified by reverse-transcription polymerase chain reaction (RT-PCR). The titer of rAAV2-VEGF (virus genome/ml) was assessed using hybridization in situ with a digoxin-labeled cucumber mosaic virus probe to obtain a final titer of 1x10 12 .
RNAi. A vector containing a small inhibitory RNA for VEGF was constructed by cloning the double-stranded sequence:
(Qiagen, Shanghai, China) into a vector (RNAi-Ready pSIREN-RetroQ ZsGreen pSIREN vector; BD Biosciences, Shanghai, China) to yield the pSIREN-VEGF RNAi vector. The pSIREN-VEGF RNAi or empty pSIREN vectors were transfected into TECs under VEGF stimulation, using the transfection reagent, as previously described (14) . Western blotting was performed to examine VEGF expression.
Plasmid transfection. Cultured TECs from 12 patients were divided into 4 groups and transfected with rAAV2-VEGF, pGIPZ-VEGF RNAi, pGIPZ-GFP or rAAV2-GFP, respectively. Cells were plated in 24-well culture plates, grown overnight to 70-80% confluence, and then washed twice with serum-free basal growth medium. While pGIPZ-GFP or rAAV2-GFP was added to the control group wells (group 1, group 2), 10x10 9 copies of rAAV2-VEGF or PGIPZ-VEGF RNAi were added to each well in the experimental groups. In addition, plasmids containing rAAV2-GFP and pGIPZ-GFP were separately added to TECs to monitor transfection efficiency.
Real-time PCR.
TECs from each experimental group were collected for VEGF, bFGF and ANG1 mRNA expression analysis at 24 and 48 h by real-time PCR. In brief, total RNA was isolated and reverse transcribed to cDNA using a SuperScript II RT kit (Invitrogen, Inc., Shanghai, China). Real-time PCR was performed using the hotStar Taq Polymerase kit (Qiagen, Inc., Shanghai, China) with SYBR-Green Technology [hSj200L; Applied Biosystems, Inc., (ABI; Carlsbad, CA, uSA)]. Primers for VEGF, bFGF, ANG1 and GAPDh are presented in Table I . PCR reaction was performed in a final reaction volume of 20 µl under the following conditions: a preheating cycle at 95˚C for 5 min, then 33 cycles at 95˚C for 20 sec, 56˚C for 30 sec and 72˚C for 30 sec. Melting curve analysis was performed by monitoring FAM/SYBR fluorescence. TGA ACT TT  57  TTC TTT GGT CTG CAT TCA CAT T   bFGF  TCT GGC AGT TCC TTA TGA TAG  58  AAA TAC AAC TCC CAT CAC CAG   Ang1  TTC CTT TCC TTT GCT TTC CTC  59  CTGCAGAGCGTTTGTGTTGT   GAPDh CCT GTA CGC CAA CAC AGT GC 57 ATA CTC CTG CTT GCT GAT CC VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; Ang1, angiopoietin 1.
Western blotting. Total proteins were extracted from transfected TECs and quantitated using the bicinchoninic acid method: 50 µg of total protein was mixed with loading buffer, denatured for 5 min at 60˚C, cooled, centrifuged for 5 min, and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. Mouse monoclonal antibodies for VEGF (1,500x dilution; BD Biosciences, San jose, CA, uSA), bFGF, ANG1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, uSA) and GAPDh (Gene Co., hong Kong, China) were used for probing the proteins. Next, secondary antibody (1,000x dilution) was applied and the signal was revealed by chemiluminescence. The same PVDF membrane was reused to detect β-actin, which was used as an internal control. Bands observed on the thin films were analyzed by automatic image analysis, and the integrated optical density (OPTDI) of each protein band was normalized to the OPTDI value of the corresponding β-actin band from the same sample.
Statistical analysis. SAS v.6.12 software (SAS Institute Inc., Cary, NC, uSA) was utilized to analyze the expression of VEGF, bFGF, ANG1 and GAPDh in each experimental group, using one-way ANOVA, t-test (unpaired, two-tailed), and Dunnett's multiple comparison test, where appropriate. Results with P-values of <0.05 were considered statistically significant.
Results

VEGF mRNA expression in TECs.
Two days after transfection of the TECs, the transfection rate of rAAV2-VEGF was 91% and that of pGIPZ-VEGF RNAi was 88% (transfection rates of rAAV2-VEGF and the rAAV2-GFP plasmids were assumed to be equivalent). The results of the real-time PCR mRNA expression analysis are presented in Fig. 1 . Significant differences in mRNA expression of VEGF/GAPDh were observed among the 4 transfection groups (P<0.0001). The highest mRNA expression was detected in the TECs transfected with rAAV2-VEGF. The average VEGF expression level in he rAAV2-VEGF-transfected TECs was 0.58, and the average VEGF expression level in control TECs was 0.20, and this difference in expression was statistically significant (P<0.0001) (Fig. 1A) . The lowest VEGF mRNA expression was detected in the TECs transfected with pGIPZ-VEGF RNAi. The average VEGF expression in the pGIPZ-VEGF RNAi-transfected TECs was 0.10, and that of the control TECs was 0.23. This difference in expression was statistically significant (P<0.0001) (Fig. 1B) . Contrary to these findings, no significant difference in VEGF mRNA expression was found between the rAAV2-GFP-and pGIPZ-GFP-transfected TECs (P=0.1148) (Fig. 1C) .
Changes in bFGF and ANG1 expression in response to VEGF level in the TECs. VEGF, bFGF and Ang1 mRNA expression levels were examined 24 and 48 h after transfection by realtime PCR analysis. The results of these analyses, presented in Fig. 2 , respectively, showed that bFGF and Ang1 mRNA expression was decreased when VEGF mRNA expression increased and vice versa (P<0.0001).
The average VEGF mRNA expression after 24 or 48 h was 0.28 and 0.24, respectively, in the control groups, 0.71 and 0.73, respectively, in the rAAV2-VEGF groups, and 0.57 and 0.51, respectively, in the Avastin-treated groups. When the experimental groups were compared with their respective control groups after 24 or 48 h, using Dunnett's multiple comparison test, the observed differences in mRNA expression were found to be statistically significant ( Figs. 2A and 3A, respectively) .
The average bFGF mRNA expression in the control groups after 24 and 48 h was 0.35 and 0.35, respectively; in the rAAV2-VEGF groups after 24 and 48 h, this level was 0.24 and 0.26, respectively; in the pGIPZ-VEGF RNAi groups after 24 and 48 h, the average bFGF mRNA expression was 1.07 and 1.10, respectively; and in the Avastin groups after 24 and 48 h, it was 0.80 and 0.78, respectively. When the experimental groups were compared with their respective control groups after 24 or 48 h by Dunnett's multiple comparison test, the observed differences in mRNA expression were found to be statistically significant (Figs. 2B and 3B, respectively) .
Average Ang1 mRNA expression in the control groups after 24 and 48 h was 0.30 and 0.32, respectively; in rAAV2-VEGF groups after 24 and 48 h, it was 0.20 and 0.26, respectively; in pGIPZ-VEGF RNA groups after 24 and 48 h, it was 0.77 and 0.82, respectively; and in Avastin groups after 24 and 48 h, it was 0.52 and 0.54, respectively. When experimental groups were compared with their respective control groups after 24 or 48 h by Dunnett's multiple comparison test, the observed differences in mRNA expression were found to be statistically significant (Figs. 2C and 3C, respectively) .
Protein expression after 24 and 48 h was examined by western blotting (Figs. 4A and 5A, respectively) . The expression of bFGF and ANG1 proteins was decreased when VEGF protein expression was increased and vice versa (P<0.0001).
The average VEGF protein expression in the control groups after 24 or 48 h was 0.20 and 0.21, respectively. The average VEGF protein expression in the rAAV2-VEGF groups was 0.51 and 0.62, respectively, and in the pGIPZ-VEGF RNAi groups it was 0.14 and 0.16, respectively. In the Avastin groups, the level was 0.37 and 0.41, respectively. When the experimental groups were compared with their respective control groups after 24 or 48 h by Dunnett's multiple comparison test, the observed differences in protein expression were found to be significant (Figs. 4B and 5B, respectively) .
The average bFGF protein expression in the control groups at 24 and 48 h was 0.40 and 0.35, respectively; in the rAAV2-VEGF groups after 24 and 48 h it was 0.32 and 0.28, respectively; in the pGIPZ-VEGF RNAi groups after 24 and 48 h it was 0.88 and 0.90, respectively; and in the Avastintreated 24 and 48 h groups 0.67 and 0.78, respectively. When the experimental groups were compared with their respective control groups after 24 or 48 h by Dunnett's multiple comparison test, the observed differences in protein expression were found to be statistically significant (Figs. 4C and 5C, respectively) .
The average ANG1 protein expression in the control groups at 24 and 48 h was 0.25 and 0.29, respectively; in rAAV2-VEGF groups after 24 and 48 h, it was 0.17 and 0.22, respectively; in the pGIPZ-VEGF RNAi groups after 24 and 48 h, it was 0.53 and 0.52, respectively; and in the Avastin groups after 24 and 48 h, it was 0.45 and 0.43, respectively. When the experimental groups were compared with their respective control groups after 24 or 48 h by Dunnett's multiple comparison test, the observed differences in protein expression were found to be statistically significant (Figs. 4D and 5D , respectively).
Discussion
Tumor angiogenesis is a key process in tumor development and progression. Tumor angiogenesis is important in the early stages of tumorigenesis when the tumor grows beyond the size where simple diffusion is sufficient for oxygen and nutrient delivery and new vessels are needed to perform this role (17, 18) . In later stages, angiogenesis is essential for tumor spread and metastasis; these characteristics make it an attractive target for antitumor therapy (18) . Angiogenesis is a complex process with many different molecules involved in the maintenance of the delicate balance between pro-angiogenic and antiangiogenic factors, with VEGF being one of the key master regulators of this dynamic homeostasis (19, 20) . Indeed, the first antitumor therapy targeting angiogenesis was developed more than a decade ago using monoclonal antibodies, namely bevacizumab directed against VEGF (21) .
Currently, bevacizumab is commonly used along with conventional chemotherapy in the first-line treatment of metastatic colorectal cancer; however, it is used with only modest improvements in patient progression and overall survival when compared to chemotherapy alone. Furthermore, some patients do not benefit at all from this therapy (5, 6, (22) (23) (24) .
The human organism is a complex system and most of its features result from the organic organization of many regulatory and signaling networks of molecules. Self-regulating mechanisms are crucial to maintain its structural stability and normal function. Although the role of many different signaling molecules and growth factors in angiogenesis has been studied previously, our understanding of how a particular factor functions still does not entirely clarify the new features emerging only as a result of complex interactions of a higher order between molecules constituting different regulatory networks. Recently, approaches of systems biology have been applied in the research of self-regulating mechanisms, and the results are exciting (20, 25) . The main regulatory mechanism for the maintenance of organism stability is nerve-body fluid-immunoregulation (12) . The same mechanism can be observed in other physiological processes, including angiogenesis. Indeed, when key angiogenic factors fail in their physiological function or are inhibited, other factors are able to compensate for their function (22) .
Therefore, in the present study we examined VEGF as the key regulatory switch in angiogenesis and clarified the compensatory function of other vessel growth factors in endothelial cells derived from colon cancer. It has been shown that bFGF and ANG1 act as positive effectors of angiogenesis (4, 23, 24, 26) , with the function of promoting vascular proliferation.
ANG1 is responsible for the maintenance of endothelial cell stability: it inhibits VEGF-mediated angiogenesis, and it has been shown in previous studies that overexpression of ANG1 is correlated with high tumor microvessel density in colorectal cancer (27) .
bFGF has been reported to promote cell growth, migration and angiogenesis (15) . Its aberrant expression has been described in tumor angiogenesis and it has been pinpointed as a potential cause of resistance to anti-VEGF therapy (28) .
In the present study, when VEGF expression was upregulated in TECs, the expression levels of bFGF and ANG1 were downregulated. however, when VEGF expression was inhibited, the function of VEGF was compensated by upregulation of bFGF and ANG1. Therefore, it seems that VEGF, bFGF and ANG1 constitute a self-regulating mechanism in colon cancer angiogenesis.
After TECs were treated with bevacizumab, VEGF expression was significantly higher than that noted in the control group. This may be explained by bevacizumab inhibiting the physical function of VEGF, which may trigger the compensatory VEGF self-regulating mechanisms. It seems that other vascular growth factors compensate for the function of VEGF to some degree as well and that therefore the angiogenesis cannot be completely inhibited by bevacizumab.
Indeed, it has been shown that in the normal balanced state of an organism, autocrine VEGF is required for the homeostasis of blood vessels (29) (30) (31) . When VEGF expression is not adequate, self-regulating vascular growth/anagogic factor mechanisms are able to compensate for the function of VEGF, at least in part, and maintain the stability of blood vessels. In the present study, we demonstrated that when endothelial cells derived from colon cancer were treated with bevacizumab, the resulting VEGF inhibition may also increase the expression of other growth factors to compensate for the loss of VEGF, due to the existence of a self-regulating mechanism that weakens its therapeutic efficiency.
In conclusion, our data provide evidence on the compensatory self-regulating mechanisms in bevacizumab-treated endothelial cells derived from colon cancer. We believe that it is essential to bring new ideas to the development of antiangiogenic targeted therapy for colon cancer and, potentially, to target more than just VEGF to inhibit collateral networks that maintain tumor angiogenesis.
